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Abstract
Objective—To construct an adjusted
nomogram for the echocardiographic
screening of aortic root diameter in
children with possible Marfan disease.
Design—In 91 children (42 boys, 49 girls,
age range 3.2 to 18.4 years) undergoing
Marfan screening from 1983 until 1996, the
diagnosis Marfan syndrome and any other
aortic pathology was definitely ruled out.
These served as a control population to set
appropriate reference standards.
Results—Compared with a standard
Dutch reference population, body surface
area of the control subjects (mean (SD))
was above the 50th centile (boys
0.09 (0.20) m2, range −0.28 to 0.69 m2; girls
0.09 (0.17) m2, range −0.17 to 0.69 m2).
Echocardiographically determined aortic
root diameter and body surface area
showed a linear relation and a greater
variability of aortic root diameter in these
relatively tall subjects (n = 91, R2 = 0.62)
than in the standard nomogram (n = 56,
R2 = 0.93). In 24% of cases (n = 22), the
aortic root exceeded the upper limit of
normal in the standard nomogram, by
2.2 (2.0) mm. An adjusted nomogram was
constructed with a higher upper limit.
Conclusions—A Marfan screening popu-
lation diVers from the unselected popula-
tion in body surface area and aortic root
size variability. An adjusted nomogram
should therefore be used to detect a truly
enlarged aortic root.
(Heart 1998;79:69–72)
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Marfan syndrome is an autosomal dominant
connective tissue disorder, associated with
mutations in the fibrillin I gene,1 in which ocu-
lar, skeletal, cardiovascular, integumentary,
pulmonary, and neurological features may be
present.2 3 The prevalence has been estimated
to be 1 in 3–5000,4 15–30% of whom are new
mutations.3 5 6

Until recently, the diagnosis was based on
fulfilment of diagnostic criteria established in
Berlin in 1986.5 In 1995, these criteria were
revised in Gent.7 The criteria are still based on
a combination of major and minor clinical
manifestations in diVerent organ systems and
on family history. The manifestations vary in
onset and in severity, and show a variable rate,

particularly in children.2 3 8 Usually signs are
not clearly present at birth but develop during
childhood and adolescence. Therefore, diagno-
sis of Marfan syndrome in children is often dif-
ficult and long term follow up examinations are
necessary before a definite diagnosis can be
made.8

Because aortic root dilatation is one of the
major criteria for the diagnosis of Marfan syn-
drome, screening and follow up of the
cardiovascular system relies on accurate
measurement of aortic root size. M mode and
cross sectional echocardiographic dimensions
are related to height,9 10 weight,10 11 and body
surface area.12–18 At present, body surface area
is considered to be the most important
independent determinant of aortic root
diameter.14 16–22 Roman et al14 proposed a
nomogram based on cross sectional echocar-
diographic aortic root diameters of children
and adults in the normal population. However,
a remarkably large number of subjects in whom
Marfan syndrome or any other aortic disease
was definitely ruled out after screening by a
multidisciplinary team in our institution
showed aortic root diameters exceeding the
upper limit of this standard nomogram with M
mode echocardiography. Subjects referred for
screening for Marfan syndrome are not usually
entirely comparable in body size with gender
and age matched subjects from the unselected
population. Usually these children are taller
and thinner, and have a relatively larger body
surface area. There is, however, a possibility
that systematic diVerences between M mode
and cross sectional echocardiography are
responsible for the deviation from the standard
nomogram. Therefore a comparison between
the two methods was made in Marfan patients
and controls, in whom both M mode and cross
sectional echocardiographic aortic root meas-
urements were performed simultaneously.
The aim of our study was to develop a

nomogram adjusted to the actual control
population to screen children and adolescents
for Marfan disease.

Methods
From 1983 until 1996, 250 children had been
referred to the multidisciplinary Marfan team
of the Academic Medical Centre of Amster-
dam. Indications for screening included family
history, excessive height, chest or spine anoma-
lies, hypermobile joints, and lens subluxation.5

None of these subjects was referred for aortic
root enlargement. The diagnosis of Marfan
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syndrome was made according to the Berlin
criteria.5

Of the 250 children, 69 had a definite
diagnosis of Marfan syndrome, while in a
further 79 the diagnosis remained uncertain
despite follow up; in the remaining 102
children the diagnosis could definitely be ruled
out. From among these 102 subjects, 91 com-
plete echocardiographic and anthropometric
datasets from 42 boys and 49 girls without any
aortic pathology were evaluable (table 1). Body
surface area was calculated from the formula:

log(BSA) = log(W) c 0.425 + log(H) c 0.7
25 + 1.8564

where BSA is body surface area in cm2 ,W is
weight in kg, and H is height in cm.23 It was
correlated with age and subsequently com-
pared with body surface area growth curves of
the Dutch population in the years 1989 to
1992.24

Echocardiographic measurements of the
aortic root diameter were made by M mode
echocardiography at the level of the sinuses of
Valsalva, according to the recommendations of
the American Society of Echocardiography
(ASE)25 and guided by cross sectional echocar-
diography. Only the most recent measurement
of aortic root diameter per subject was used.
Body surface area and aortic root diameter

were correlated by linear regression analysis.
The 95% prediction intervals were calculated
as:

yc ± (2 c SD c R) + SQRT[1 + 1/91 + (BSA −
BSAm)

2 /Ó (BSA − BSAm)
2],

in which yc is aortic root diameter predicted
from the linear regression, SD is standard
deviation of aortic root diameters, R is square
root from the correlation’s least squares fit,
BSA is body surface area, and BSAm is mean
BSA.
For comparison of the M mode and cross

sectional echocardiographic measurements of

the aortic root, Bland-Altman analysis26 was
applied to 56 Marfan patients and 58 control
subjects. In these subjects cross sectional and
M mode echocardiographic measurements
were made during the same imaging proce-
dure. One randomly chosen aortic root diam-
eter per subject measured by both modes was
used for this analysis. The characteristics in
range and mean (SD) of the patients and con-
trol subjects are shown in table 2.

STATISTICAL ANALYSIS

All data are represented as mean (SD) and
range, unless otherwise reported. Linear
regression analysis was performed on all
growth curves. DiVerences between body
surface area growth curves were calculated
from the linear regression lines. The 95% pre-
diction intervals for the aortic root nomogram
were calculated according to standard statisti-
cal methods for linear regression analysis.27

Bland–Altman analysis26 was used in the com-
parison between M mode and cross sectional
echocardiography. DiVerences of mean values
were compared with the Student unpaired t
test. p < 0.05 was considered significant.

Results
GROWTH

There were strong linear correlations between
age and body surface area in this age group
(boys: y = 0.09x + 0.35, R2 = 0.80; girls:
y = 0.08x + 0.48, R2 = 0.69). The regression
line roughly followed the 75th growth centile of
a standard Dutch population (boys:
y = 0.09x + 0.39; girls: y = 0.08x + 0.41) both
for boys (fig 1) and for girls (fig 2).24 (Fig 2)
Mean diVerences between the 50th centile
were 0.09 (0.20) (range −0.28 to 0.69) m2 for
boys and 0.09 (0.17) (range −0.17 to 0.69) m2

for girls.

AORTIC ROOT DIAMETER

Although our data showed roughly the same
linear regression (y = 9.9x + 11.6) as the
standard body surface area nomogram
(y = 9.8x + 10.2), we found a weaker correla-
tion (R2 = 0.62 v 0.93), although more subjects
were studied. In 22 of 91 children (24%), the
aortic root diameter exceeded the upper limit
of the standard body surface area nomogram
by 0.1 to 6.8 mm (mean 2.4 (2.2) mm). The
adjusted nomogram, based on our data,

Table 1 Population characteristics

Boys Girls Total
(n=42) (n=49) (n=91)

Mean (SD) age (years) 12.7 (4.4) 13.0 (3.2) 12.9 (3.8)
Range 3.2 to 18.0 5.3 to 18.4 3.2 to 18.4

Mean (SD) BSA (m2) 1.53 (0.45) 1.51 (0.31) 1.52 (0.38)
Range 0.60 to 2.32 0.85 to 2.14 0.60 to 2.32

Mean (SD) aortic root diameter (mm) 27.6 (5.7) 25.9 (3.9) 26.7 (4.8)
Range 18.0 to 38.3 18.5 to 35.0 18.0 to 38.3

p not significant for boys v girls for all variables.
BSA, body surface area.

Table 2 Population characteristics for Bland-Altman analysis

Patients (n=56) Control subjects (n=58)

Male/female (%) 48/52 46/54
Mean (SD) age (years) 13.4 (5.7) 13.1 (3.6)
Range 0.01 to 26.4 3.2 to 18.4

Mean (SD) BSA (m2) 1.58 (0.42) 1.50 (0.34)
Range 0.22 to 2.48 0.61 to 2.18

Diameter of aortic root at the level of the sinus of Valsalva
M mode (mm) 36.2 (8.6) 26.7 (4.4)
Range 12.0 to 58.5 18.0 to 37.0

2D (mm) 35.8 (8.8) 25.5 (4.5)
Range 9.8 to 55.0 17.0 to 37.0

BSA, body surface area. 2D, cross sectional echocardiography.

Figure 1 Body surface area growth for boys. Solid line:
present population; dotted line: 50th centile of a standard
Dutch population; dashed line: 75th centile of a standard
Dutch population.
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showed wider prediction intervals, allowing for
a greater variability in aortic root size, espe-
cially on the upper limit (fig 3).

COMPARISON OF M MODE AND CROSS SECTIONAL

ECHOCARDIOGRAPHY

Bland–Altman analysis (fig 4) revealed an
average diVerence of −0.8 (1.8) mm, with
slightly larger values from M mode echocardi-
ography; 95% prediction intervals ranged from
−4.4 to 2.8. The observed diVerences in the
114 measurements were not dependent on the
aortic root diameter.

Discussion
MARFAN SYNDROME

Aortic root dilatation is one of the major crite-
ria for assessing the diagnosis of Marfan
syndrome.2 3 Patients with Marfan syndrome
are at risk of sudden death from aortic dissec-
tion or rupture. Marfan patients with non-
enlarged aortic roots are thought to be at low
risk of these complications.3 28 Hence, both for
accurate assessment of the diagnosis of Marfan
syndrome and for recognition of a group of
Marfan patients with low risk of severe aortic
problems, it is critical to define whether the
aortic root is really enlarged.

ECHOCARDIOGRAPHY

Echocardiographic measurements of the aortic
root in our population did not show complete
agreement with the nomogram used as the
standard for children proposed by Roman et
al.14 Our data, however, were obtained from M
mode echocardiography, whereas Roman’s
nomogram was based on cross sectional
echocardiography. Information about diVer-
ences in the diameter of the aortic root between
the two modes is limited, though Roman et al,
who studied 52 normal children with both
echocardiographic approaches, observed that
the aortic root diameters at the level of the
sinuses of Valsalva were systematically larger
when assessed by cross sectional echocardiog-
raphy than by M mode, by a mean of 2 mm.14

Of 58 available cross sectional measurements
of our population, however, 11 aortic root
diameters (19%) also exceeded the upper limit
of the standard nomogram. We also compared
Mmode and cross sectional echocardiographic
aortic root measurements in our own popula-
tion using Bland–Altman analysis. No system-
atic clinically relevant diVerence between the
two methods was found. The prediction inter-
val presented in fig 4 indicates that 95% of all
diVerences will be between −4.4 mm and 2.8
mm. Factors such as two diVerent technicians,
intraobserver and interobserver variability, the
use of diVerent recorders and transducers, and
diVerent patient positioning largely account for
the distribution of these diVerences in meas-
urement results.13 29 Consequently, the two
modes can be used interchangeably. Two
diVerent nomograms for either cross sectional
or M mode echocardiography do not appear to
be necessary.

POPULATION AND BODY SURFACE AREA

Several investigators have proposed nomo-
grams for standardisation of aortic root size in
relation to body surface area.11 14 16 17 19–21 30 The
nomogram proposed by Roman et al14 is
currently the most widely used and is recom-
mended by de Paepe et al7 in the revised diag-
nostic criteria for Marfan syndrome. Our study
population consisted of subjects referred for
screening for Marfan syndrome in whom the
diagnosis was definitely excluded on the basis
of repeated evaluation of the diagnostic criteria

Figure 2 Body surface area growth for girls. Solid line:
present population; dotted line: 50th centile of a standard
Dutch population; dashed line: 75th centile of a standard
Dutch population.
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Figure 3 Relation between aortic root diameter and body
surface area (BSA) (empty circles) and 95% reference
limits for aortic root diameter in relation to BSA (solid
lines), in subjects aged 3.2 to 18.4 years. Upper limit of
normal: y = a + 7.58 + SQRT[1.01 + (b −
1.50)2/12.99]; lower limit of normal:
y = a + 7.58 + SQRT[1.01 + (b − 1.50)2/12.99], in
which b = BSA and a = expected aortic root diameter from
the linear regression function (y = 9.9x + 11.6, see
Results) for a given value of b. The upper and lower limits
of normal of the standard nomogram (Roman et al14 ) are
shown in dashed lines.
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Figure 4 DiVerences between measurements of aortic root
diameter by M mode and cross sectional echocardiography
against their means; n = 114,mean diVerence (d) = −0.8
mm, p < 0.0001, SD = 1.8 mm; 95% reference limits:
d+2SD = 2.8 mm, d−2SD = −4.4 mm; 95% confidence
interval of d: −1.1 to −0.5 mm.
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for all organ systems. These children may have
a deviant body surface area, excessive growth,
and marfanoid body appearance, which are
important reasons why subjects are referred for
Marfan screening. A possible explanation for
the upward scatter of our data could be the
selection of a tall subgroup in a standard popu-
lation, in which aortic root dimensions are
larger than expected. Reed et al19 constructed a
body surface area nomogram for aortic root
dimensions in tall adults (exceeding the 95th
centile for height) between 17 and 26 years of
age. There was a much weaker linear correla-
tion (n = 182, R2 = 0.54) between body sur-
face area and aortic root diameter (showing a
larger scatter, as in the present study) than in
the population of Roman et al.14 To our knowl-
edge, a nomogram for tall children has not yet
been reported. Although we do not have full
details of the body size measurements done in
the population reported by Roman et al, the
mean body surface area at nine years of age was
1.1 m2, which is 0.5 m2 below the regression
line of our data in fig 1. Therefore it seems
likely that, in relation to age, there are
diVerences in body surface area between our
population and that of Roman et al. This can
only partially be explained by possible geo-
graphical diVerences in body surface area at a
particular age between The Netherlands and
the USA, because comparisons using a stand-
ard Dutch reference population still show an
upward shift of the correlation, roughly follow-
ing the 75th centile of body surface area.
So, as in tall adults, a wider range of aortic

root diameter should be considered normal in
tall children compared to an average unse-
lected population.

CONCLUSIONS

We conclude that a Marfan screening popula-
tion diVers from an unselected echocardiogra-
phy population in aortic root size variability.
This is probably due to diVerences in anthro-
pometric measurements in this specific popula-
tion. The use of an adjusted nomogram rather
than a standard nomogram seems appropriate
for routine clinical screening in this specific
group of patients with deviant body surface
areas. There were no clinically relevant diVer-
ences between M mode and cross sectional
echocardiography in the assessment of aortic
root diameters.

1 Lee B, Godfrey M, Vitale E, Hori H, Mattei M-G, Sarfarazi
M, et al. Linkage of Marfan syndrome and a phenotypically
related disorder to two diVerent fibrillin genes. Nature
1991;352:330–34.

2 McKusick VA. The cardiovascular aspects of Marfan’s
syndrome: a heritable disorder of connective tissue.
Circulation 1955;11:321–42.

3 Pyeritz RE, McKusick VA. The Marfan syndrome: diagno-
sis and management.N Engl J Med 1979;300:772–7.

4 Pyeritz RE. Disorders of fibrillins and microfibrilogenesis:
Marfan syndrome, MASS phenotype, contractural arachn-
odactyly and related conditions. In: Emery AE, Rimoin
DL, David L, Connor JM, Pyeritz RE, eds. Principles and
practice of medical genetics, 3rd ed. New York: Churchill Liv-
ingstone, 1996.

5 Beighton P, de Paepe A, Danks D, Finidori G, Gedde-Dahl
T, Goodman R, et al. International nosology of heritable
disorders of connective tissue, Berlin, 1986. Am J Med
Genet 1988;29:581–94.

6 Morse RP, Rockenmacher S, Pyeritz RE, Sanders SP, Bieber
FR, Lin A, et al. Diagnosis and management of infantile
Marfan syndrome. Pediatrics 1990;86:888–95.

7 De Paepe A, Devereux RB, Dietz HC, Hennekam RCM,
Pyeritz RE. Revised diagnostic criteria for the Marfan syn-
drome. Am J Med Genet 1996;62:417–26.

8 Oorthuys JWE, NaeV MSJ, Hennekam RCM, Bleeker-
Wagemakers EM, La Rivière AV, Losekoot G, et al. Marfan
syndrome: a multidisciplinary clinical study of 91 patients.
Tijdschr Kindergeneeskd 1995;63:33–40.

9 Sheil MLK, Jenkins O, Sholler GF. Echocardiographic
assessment of aortic root dimensions in normal children
based on measurement of a new ratio of aortic size
independent of growth. Am J Cardiol 1995;75:711–15.

10 Vasan RS, Larson MG, Levy D. Determinants of echocar-
diographic aortic root size. The Framingham Heart Study.
Circulation 1995;91:734–40.

11 Henry WL, Gardin JM, Ware JH. Echocardiographic meas-
urements in normal subjects from infancy to old age.
Circulation. 1980;62:1054–61.

12 Salim MA, Alpert BS, Ward JC, Pyeritz RE. EVect of beta-
adrenergic blockade on aortic root rate of dilation in the
Marfan syndrome. Am J Cardiol 1994;74:629–33.

13 Jeremy RW, Huang H, Hwa J, McCarron H, Hughes CF,
Richards JG. Relation between age, arterial distensibility,
and aortic dilatation in the Marfan syndrome.Am J Cardiol
1994;74:369–73.

14 Roman MJ, Devereux RB, Kramer-Fox R, O’Loughlin J.
Two-dimensional echocardiographic aortic root dimen-
sions in normal children and adults. Am J Cardiol 1989;64:
507–12.

15 Roman MJ, Rosen SE, Kramer-Fox R, Devereux RB. Prog-
nostic significance of the pattern of aortic root dilation in
the Marfan syndrome. J Am Coll Cardiol 1993;22:1470–6.

16 Snider AR, Enderlein MA, Teitel DF, Juster RP. Two-
dimensional echocardiographic determination of aortic
and pulmonary artery sizes from infancy to adulthood in
normal subjects. Am J Cardiol 1984;53:218–24.

17 Henry WL, Ware J, Gardin JM, Hepner SI, McKay J,
Weiner M. Echocardiographic measurements in normal
subjects. Growth-related changes that occur between
infancy and early adulthood. Circulation 1978;57:278–85.

18 Gutgesell HP, Rembold CM. Growth of the human heart
relative to body surface area. Am J Cardiol 1990;65:662–8.

19 Reed CM, Richey PA, Pulliam DA, Somes GW, Alpert BS.
Aortic dimensions in tall men and women. Am J Cardiol
1993;71:608–10.

20 Rogé CLL, Silverman NH, Hart PA, Ray RM. Cardiac
structure growth pattern determined by echocardiography.
Circulation 1978;57:285–90.

21 Vetter U, Mayerhofer R, Lang D, von Bernuth G, Ranke
MB, Schmaltz AA. The Marfan syndrome—analysis of
growth and cardiovascular manifestation. Eur J Pediatr
1990;149:452–6.

22 Geva T, Sanders SP, Diogenes MS, Rockenmacher S, Van
Praagh R. Two-dimensional and Doppler echocardio-
graphic and pathologic characteristics of the infantile Mar-
fan syndrome. Am J Cardiol 1990;65:1230–7.

23 Du Bois D, Du Bois EF. A formula to estimate the approxi-
mate surface area if height and weight be known. Arch
Intern Med 1916;17:863–72.

24 Verweij GCG. Height and weight of children and adoles-
cents up to 21 years, 1981–1992. Maandberichten gezond-
heid CBS 1994;2:4–25.

25 Sahn DJ, DeMaria A, Kisslo J, Weyman A. The committee
on M-mode standardization of the American Society of
Echocardiography. Recommendations regarding quantita-
tion in M-mode echocardiography: results of a survey of
echocardiographic measurements. Circulation 1978;58:
1072–83.

26 Bland JM, Altman DG. Statistical methods for assessing
agreement between two methods of clinical measurement.
Lancet 1986;i:307–10.

27 Armitage P, Berry G. Linear regression. In: Statistical meth-
ods in medical research, 2nd ed. Oxford: Blackwell,
1987:157.

28 Legget ME, Unger TA, O’Sullivan CK, Zwink TR, Bennett
RL, Byers PH, et al. Aortic root complications in Marfan’s
syndrome: identification of a lower risk group. Heart 1996;
75:389–95.

29 Pietro DA, Voelkel AG, Ray BJ, Parisi MD. Reproducibility
of echocardiography. A study evaluating the variability of
serial echocardiographic measurements.Chest 1981;79:29–
32.

30 Ichida F, Aubert A, Denef B, Dumoulin M, van der
Hauwaert LG. Cross sectional echocardiographic assess-
ment of great artery diameters in infants and children. Br
Heart J 1987;58:627–34.

72 Rozendaal, Groenink,NaeV, Hennekam,Hart, van der Wall, et al

http://heart.bmj.com

